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ABSTRACT

The objective of this study is to develop a finite
el enent nodel of the human head and neck to investigate the
bi onmechanics of head injury. The finite elenent nodel is a
t wo- di nensi onal , plane strain representation of t he
cervical spine, skull, and mjor conponents of the brain
including the cerebrum cerebellum brain stem tentorium
and the surrounding cerebral spinal fluid. The dynam c
response of the nodel is validated by conparison with the
results of human volunteer sled acceleration experinments

conducted by Ewing et al. [10]. To validate the head
nodel, one of the head inpact experinments perfornmed on
cadavers by Nahum et al. [24], is sinulated. The nodel

responses are conpared with the neasured cadaveric test
data in ternms of head acceleration, and intracranial
pressures neasured at four |ocations including the coup and
contrecoup sites. The validated nodel is wused to
denonstrate that the Head Injury Criterion (HC), which is
based on resultant translational acceleration of the center
of gravity of the head, does not relate to the various
mechani snms of brain injury and is therefore insufficient in
predi cting brain injury.
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. 1 NTRODUCTI ON

Head injury is a traumatic insult to the brain.

Al though not always visible, it may cause enduring
physical, enotional, intellectual and social changes for
the survivor. The inpact of the head injury goes beyond
the survivor. Long term effects place an enornous

enotional and financial burden on the individual’s famly,
and strain nedical and other service systens due to the

hi gh costs and often life-long needs [11].

Some of the head injury statistics are truly
ast oundi ng. According to a recent report conpiled by the
National Institute of Health, in the United States alone
it is estimted that there are over two mllion traumatic
brain injuries per year, wth 500, 000-750,000 severe enough
to require hospitalization while 75,000-100,000 result in
death [25]. To get an idea of the nagnitude of the
probl em consider that over the past 12 years, death from
head injury has exceeded the cumul ative nunber of Anerican
battl e deaths inclusive of all wars since the founding of

the Republic [25]. Overall, head injuries represent 2% of
all deaths, and 26% of all injury deaths [11]. Anong
survivors, many wll suffer long-term disabilities or

permanent neurological deficits even from head injury

cases, that are considered mld [11].

It is no surprise that notor vehicle crashes are the
| eading cause of traumatic brain injuries, accounting for
51% Falls are the second |eading cause, at 21% followed
by assaults and violence 12% and sports and recreation 10%

[11,25]. It is also interesting to note that a person does

1



not have to be “knocked out” or even strike their head in
order to sustain a traumatic brain injury (TBlI), for

exanpl e, whiplash injuries can result in TBI [25].

The costs of head injury are staggering. Nationw de
the total economic costs for all head injuries approach $25
billion per year in direct and indirect costs of nedical
rehabilitative and support services, and |ost wages. For
an individual, the lifetinme costs for care of a head injury
survivor are estimated to be between $4.1 mllion and $9

mllion.

Adequate protection of the head is critical since
anatomc injuries to the structures of the brain are
currently nonreversible and the consequences of injury can
be devastating [22]. But brain injury and the nmechani sns,
which cause injury, are conplex and not conpletely
under st ood. Head injury nmechanisns are difficult to study
experinmentally due to the variety of inpact conditions
involved as well as ethical issues, such as the use of
human cadavers and animals [17]. The data from experinments
conducted on animals and cadavers is further limted to the
specific test conducted and by variation in physical and

mat eri al properties of the test subjects.

Nunerous nat hematical nodels have been devel oped and
anal yzed over the past 30 years in an effort to gain a
better understanding of brain injury mechani sns. O these
nodel s, finite elenment nodeling seens to be the best nethod
for brain injury analysis because of its capability of
handling conplex geonetries, and different kinds of
nonlinearities of geonetri cal and physi cal nat ur e.

Furthernore, finite elenent nodels <can provide field

2



di stribution measures such as stress, strain and pressure
that, when used in conjunction with experinmental data, can

be correlated to injury mechanisnms [7, 32].

A finite element nodel nust first be validated to have
any relevance to the bionmechanical response of the brain.
Experimental nodeling of head inpact is essential in the
nodel validation process by providing neasured force,
acceleration and displacenent data from experinents for
di rect conparison with nodel response.

A validated human head nodel can becone a powerful
tool to correlate nechanical paraneters involved in brain
injury to clinical observations and to investigate the
injury mechanisns due to various inputs [14]. In addition
to allow ng the assessnent of different experinental inpact
conditions, finite elenent nodels can be used to predict
the response to injury producing conditions that cannot be
simul ated experinentally, and they can predict responses
that cannot be neasured in aninmal and cadaver experinents.
Model s are means by which valid experinental aninml and
cadaveric data can be extrapolated to living man [17].
Then by relating the various nechanical paraneters of node

response to injury, tolerance criteria can be fornul at ed.

The objective of this study is to develop a finite
el ement nodel of the human head and neck such that the
nodel adequately represents the biodynam cal response to
direct head inpact and inertial |oading. The nodel is used
to investigate the bionechanics of head injury and injury
mechani sms.  The dynam c response of the head-neck nodel is
val i dated by conparison with the results of human vol unt eer

sled acceleration experinents. Validation of the head

3



nodel is acconplished by conparing the nodel’s response
wi th nmeasured cadaveric inpact test data. Once the node
is validated, a paranetric study is conducted to determ ne
the effects of different inpact force characteristics and

i npact | ocati on.



1. BACKGROUND

A brief summary of the key anatom cal conponents of
the human head-neck conplex wll be given to provide a
basic description and rational for the finite elenent
nodel i ng of the head and neck. Although the cervical spine
is of primary inportance for this study, the entire spine
is nodeled in order to facilitate the simulation of the
sl ed accel eration test used for nodel validation.
A HUMAN ANATOWY

1. The Spi ne

The nuscles and other soft tissue of the neck are not

included in the finite elenent nodel for this study and

therefore will not be discussed in detail. As nentioned
above, the primary focus of the neck nodel is on the
cervical spine. A discussion of the comon conponents of

the entire spine and nore specific details of the cervica

spine will be addressed.

The function of the spine is to form a strong support
structure for the head and trunk, to protect the spinal
cord, and to provide rigidity for the suspension of |inbs.
The spine is divided into four primary regions: cervical
t hor aci c, | umbar and sacral as shown in Figure 1.
Together, these regions consist of 24 presacral vertebra
that are separated by relatively flexible intervertebra
disks and 5 sacral vertebrae, which are fused. The
vertebrae and disks along wth seven intervertebra
I i gaments spanning each set of adjacent vertebrae, and two
synovial joints on each vertebra called the facet joints,
act to constrain relative notion. The vertebrae of each

spinal section are nunbered starting wth the uppernost
5



vertebra. For exanple, the first cervical vertebra is
denoted Cl1 and the |owernost cervical vertebra is C7 and

the first thoracic vertebra is Tl and so on [5, 20].

7
CERVICAL CERVICAL
CURVATURE VERTEBRAE
THORACIC
CURVATURE
12
THORACIC ____|
VERTEBRAE

LUMBAR

CURVATURE 5
LUMBAR
VERTEBRAE
SACRAL

SACdRUM
CURVATURE (5 fused vertebrae)

COCCYX
(4 fused vertebrae)

Figure 1. Lateral (left) and Frontal (right) Views of the
Human Spine. From Ref. [3].

Wth the exception of the upper cervical vertebrae, Cl
and C2 (also known as the atlas and axis), each vertebra is
geonetrically simlar but increasing in size from superior

to inferior. Each of these vertebra are conposed of a
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cylindri cal vertebral body connected to a conplex
configuration of posterior and lateral structures. A
notion segnment of the |unbar spine is shown as an exanple
in Figure 2. This configuration includes the pedicles and
lamnae that form the neural arch which conpletes the
spi nal canal providing nechanical protection for the spina

cord and contributing to the stability of the vertebral

col umm. Also part of this configuration are the spinous
and transverse processes, which serve prinmarily as nuscle
attachnment sites. The transverse process al so contains the
vertebral artery, which is the major blood supply for the
brainstem and the posterior portions of the brain.

Addi tionally, each vertebra has right and |eft superior and
inferior articular processes formng the right and |left
facet joints. These are synovial joints, which are wapped
in a capsular I|iganent. The main role of the facet joints
is to limt the excessive intervertebral shear and torsion
motions of the intervertebral segnent. This effect 1is
particularly pronounced in the cervical spine, where the
facet joints cause marked coupling between |ateral bending
and axial torsion notions [20].



Superior articular
process

Body of
vertebrae

w

i’rﬁ‘fﬂi"r,u;zﬁ'
A
zfz’ ﬁa‘* ‘,EZ,E'; R

Intervertebral
foramen

Intervertebral
disc .
Spinous process

{\.r‘;nulus
ibrosus
Y Q’ Transverse
Nucleus
pulposus Nﬁ% process

il kL

.

Inferior articular
process

Pedicle

Figure 2. Lunbar Spine Mtion Segnent. Medial View of
Right Half when Sectioned in the Mdsagittal Pl ane.
Liganents are Omitted for Clarity. FromRef. [3].

The upper cervical spine is conposed of the Cl1 and
vertebrae (atlas and axis) and the base of the skull,
called the occiput. The occipitoatlantal joint is fornmed
by the occipital condyles, which are bony protuberances on
the base of the skull, and the atlas. The atl ant oaxi al
joint is conposed of the three synovial articulations

between the atlas and axis as shown in Figure 3.

The structures of the atlas and axis differ form that
of the other vertebrae in order to facilitate a relatively
wide range of notion of the head. The atlas, which
supports the skull, is a ring shaped bone, with large facet
joints on the lateral portions and no vertebral body as

illustrated in Figure 4.



occiput

Figure 3. Ccciput-Atlas-Axis Articulation. The Attachnent
of the Alar Liganents to the Dens and to the Cccipital
Condyl e is Shown. After Ref. [37].

Diagram of section of odontoid

process,
g \
i

{/ Diagram of section of

\w.w transverse ligament.
N

kit

N ' | \

{ | i

Tubercle.

Groove for verlebral artery
and 1st cervical nerve,

Rudimentary spinous process. N

Figure 4. First Cervical Vertebra, or Atlas.

From Ref.
[13].

The axis is conposed of a vertebral body,
bony arch and an additional

process or dens [20].

a posterior
structure called the odontoid
The dens is elongated vertically and
forms a longitudinal axis about which the atlas and the

occi put rotate. The lateral portions of the axis contain
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enlarged articular facet surfaces. The axis is illustrated

in Figure 5.

Odontoid process.

Rough surface for check ligaments.~

Articular swrface for tr

Transverse. process,
Inferior articular process.

Figure 5. Second Cervical Vertebra, or Axis. From Ref.
[ 13].

The notion around this axis is constrained by the
strong transverse and odontoid |liganents and the Ccc-Cl and
Cl-2 facet joints [3].

The vertebral body consists of trabecular bone
surrounded by a thin cortical shell. The trabecul ar bone
provides resistance to conpression and shear | oading. A
fibrocartilaginous joint, the intervertebral disk, connects
by nmeans of the articular process and the vertebral bodies.
The intervertebral disk, acts as a flexible spacer between
adj acent vertebrae and carries significant conpressive
| oads. The disk behaves as a thick-walled deformable
annulus that, until degenerate, contains fluid wunder

pressure [3].

The disk is conposed of the inner fluid-1like nucleus
pul posus bounded by a |am nar set of spirally wound fibrous
sheets of the outer annulus fibrosis as shown in Figure 6.

10



Wen an axial load is applied to the disk, the external
force is resisted by several nechanisns, including an
el evated nucl eus pressure. The material of the nucleus
devel ops and osnotic swelling pressure which balances the
applied stress. If the applied stress is increased water is
driven out of the disk or if the applied stress is reduced

the disk rehydrates to nmaintain equilibrium][3, 20].

Nucleus pulposus

Annulus fibrosus

Lamellae of
annulus fibrosus

Figure 6. Intervertebral D sk Sectioned to Expose the
Annul ar Organi zation. From Ref. [3].

The liganents of the spine can be divided into five
sets. There are those connecting the bodies of the
vertebrae, the lamnae, the articular processes, the
spi nous processes, and those connecting the transverse
processes. The nost inportant are the interspinous and
supraspi nous |iganents. The interspinous liganent is thin
and nenbranous and extends from the root of the summt of
the spinous process between each vertebra. The

supraspinous liganent is a strong cord connecting the

11



spi nous processes from the seventh cervical vertebra to the
sacrum The flaval, vyellow, liganents simlarly connect
adj acent lamna from the sacrum to the base of the skull

[13,20]. Figure 7. depicts the mjor |iganents.

LIGAMENTUM FLAVUM

INTERTRANSVERSE
LIGAMENT

FACET
CAPSULAR
LIGAMENT
LONGITUDINAL
LIGAMENT

INTERSPINOUS
LIGAMENT

SUPRASPINOUS

LIGAMENT

LONGITUDINAL Ji/
LIGAMENT /

Figure 7. Liganents of the Spine. FromRef. [37].

2. The Head

a. The Scal p

The scalp is 5 to 7 mm (0.20 to 0.28 inches)
thick and consists of three layers: the cutaneous outer
| ayer, a subcutaneous connective tissue |layer, and a nuscle
a facial |Iayer. Beneath the scalp there is a |oose
connective tissue layer and the periosteum which is a
fi brous nenbrane covering the bone [22].

12



b. The Skul

The human skul | is a conplex structure of
irregul ar shaped bones, which, with the exception of the
lower jaw, are fused at the sutures. It is divided into
two parts: the cranium and the face. There are 22 bones in
all, with 8 belonging to the cranium and 14 to the face
[fig skull side view. The thickness of the skull varies
between 4 and 7 nm (0.16 and 0.28 in) and consists of three
| ayers; a spongy diploe |ayer sandw ched between dense
inner and outer |ayers. The primary purpose of the cranium
is to house and protect the brain. Therefore the cranium
and its internal surfaces will be of primary concern for
this study. The eight cranial bones include the occipita
bone, two parietal bones, frontal bone, two tenporal bones,

sphenoi d bone, and ethnoid bone [13, 22].

The occipital bone is located in the |ower, back
portion of the skull. It is trapezoidal shaped and nostly
cur ved. At the base, the occipital bone has a |arge ova
shaped opening called the foramen nmagnum that allows the
spinal cord to enter the cranium where it becones the brain
stem Located on each side of the foranen magnum are
rounded projections called the occipital condyles by which
the occipital bone articulates with the axis. The internal
surface of the occipital bone is divided into four fossae,
or small hollows, by a cross-shaped ridge. The superior
fossae are shaped to fit the occipital |obes of the
cerebel [ um The inferior fossae are larger and relatively
snoot her and conformto the shape of the hem spheres of the
cerebel lum[13].

13



Frontal bone

Coronal suture
Parietal bone

Temporal bone '
Lambdoidal suture \[

Squamous suture

Sphenoid bone
Ethmoid bone
Lacrimal bone

Lacrimal sulcus
Nasal bone
Zygomatic bone

ini S Maxilla
Occipital bone \// =N
Zygomatic process A
Occipitomastoidal suture ‘M\ Antid) Alveolar margins

External auditory meatus
Mastoid process

A "ﬂ[
% Mandible
Styloid process Mandibular Mandibular Manibular X Mental foramen

(a condyle notch ramus Mandibular  Coronoid process
T angle

Coronal suture
Frontal bone

Sphenoid bone
(greater wing)

Frontal sinus

Crista galli

- J - Nasal bone
Occipital bone ——__ A / : ggn?gﬁd?c%rl\:r plate)
Sphenoid sinus
Vomer bone

Maxilla

Alveolar margins

Squamous suture
Temporal bone

Lambdoidal suture

Occipitomastoidal suture

External occipital
protuberance

Internal acoustic meatus

Pterygoid process Mandible
®) Mandibular foramen Palatine bone
Figure 8. Side View of the Human Skull. From Ref. [2].

The two parietal bones are quadrilateral in shape
and are joined at the sagittal suture to form the top and
sides of the cranium The interior surface is concave and
has various shall ow depressions for the convol utions of the
cerebrum [ 13].

The frontal bone consists of two portions. The
vertical portion forns the forehead and the horizontal
portion forns the roof of the orbits and nasal cavities.
The internal surface of the forehead has a vertical groove

for superior longitudinal sinus and facilitates attachnent
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of the falx cerebri nenbrane. The horizontal and vertica
internal surfaces also have various depressions for the
convolutions of the frontal |obes of the brain as well as
furrows for arteries. It is also the site of the fronta

sinus where air circulates for conditioning [2, 13].

The tenporal bones are |located at the sides and
base of the skull. It is irregular in shape and includes
the three portions. The squanobus portion is flat except
for with the protrusion of the zygomatic process (side of
cheek bone) energing fromits base. The mandi bul ar fossa,
a depression for articulation of the process of the
j awbone, is also located on this portion. The mastoid
portion provides various sites for nuscle attachment. The
petrous portion is very dense and hard and is |ocated at
the base of the skull between the occipital and sphenoid
bones. The interior surface fornms the base of the rear
portion of the mddle fossa and the front portion of the
posterior fossa [13].

The sphenoid bone, well known for resenbling a
bat with its wngs extended, is located at the anterior
part of the base of the skull. The center portion provides
support for the pons. The pituitary gland lies in a saddle
shaped depression on the top portion called the sella
turcica. The greater wings are curved and form part of the
m ddl e fossa of the base of the skull and have depressions
for the convolutions of the brain. The |esser w ngs
support part of the frontal |obe of the brain. The
sphenoid also articulates with all the other cranial bones
and provides several nuscle attachnment sites [13]. Details

of the sphenoid bone are depicted in Figure 9.
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Figure 9. The Human Skull: (a) Inferior and (b) Superior
View, with Cranium Renoved. From Ref. [2].

The ethnmoid is a light, spongy, cubical shaped
bone. It is situated at the anterior part of the base of
the cranium between the orbits separating the nasal cavity
from the remainder of the cranium The olfactory nerves
pass through holes in the ethnoid process to enter the
brai n. These holes occur in two thin horizontal plates

called the cribform plates. A triangular process called
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the crista galli projects upward between the cribform
pl at es. These features are shown in Figure 9 (b). There
are no nuscles attached to this bone [2, 13].

e. The Meni nges

The brain and spinal cord are supported and
protected by a group of three nenbranes <called the
meni nges. One function of the nmeninges is to isolate the
brain and spinal cord form the surrounding bones. The
three layers of the neninges are the dura mater, the
arachnoid nater and the pia mater. The dura mater is the
outernost |ayer consisting of tough fibrous connective
ti ssue and many bl ood vessels and nerves. Inside the skul
it is divided into two |ayers, one lining the inside of the
skull and the other covering the brain. Fol ds of the dura
form the falx cerebri situated in the fissure between the
left and right cerebral henispheres, and the tentorium
cerebellum which forms a horizontal shelf between the
cerebrum and cerebellum and vertically separates the right
and left portions of the cerebellum The arachnoid mater
occupi es the subdural space and is a delicate spider-web-
i ke menbrane without blood vessels. The pia mater is very
thin, with many nerves and small blood vessels. The space
bet ween the arachnoid nmater and the pia mater is called the
subarachnoi d space and contains a clear, water fluid called
the cerebrospinal fluid (CSF) which provides nutrients and
cushioning from shock for the brain. The cerebrospi nal
fluid continuously circulates through the ventricles and
subarachnoid space in the brain and along the spinal cord.
For normal novenent, any shrinkage or expansion of the
brain is conpensated by novenent of CSF between the brain
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and spinal cord spaces [2,22]. Details of the neninges are

illustrated in Figure 10.
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G5/ . Spinal cord ;'_ N Pia mater
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of meninges Subarachnoid space
Lobe of brain

Figure 10. Structures Enclosing the Nervous System (a)
Rel ationship of the Brain and Spinal Cord to the Bones that
Encl ose them (b) Details of the Three Layers of the
Meni nges. From Ref. [2].

d. The Brain

The adult human brain is a mass of jellylike
tissue made up of approximately 100 billion nerve cells,
supporting tissue; vascular and other tissues. The average
weight of the brain is approximately 1.36 kg (3.0 1bs).
The average length is about 165 mm (6.5 in) and its
greatest transverse dianmeter is about 140 mm (5.5 in)
[ 22, 30] .
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The outer portion of the brain is made up of the
cell bodies of neurons that are referred to as gray natter.
The inner portion is conposed primarily of axons wth

myelin sheaths that are referred to as white matter [2].

The brain can be divided into three basic parts:
the cerebrum the cerebellum and the brain stem
Additionally, the brain stem is conposed of severa
structurally significant parts: t he di encephal on, t he
m dbrain, the pons, and the nedulla obl ongat a. The brain
al so has four ventricles, 3 nenbranes (neninges), 2 glands
(pituitary and pineal), 12 pairs of cranial nerves, and the
cranial arteries and veins [22]. The main features of the
brain are shown in Figure 11

Skull

Meninges Cerebrum

Lateral ventricle

Third ventricle Corpus callosum
Thalamus Hypothalamus
Midbrain Pituitary gland
Cerebellum Pons

Medulla
Vertebra

Spinal cord

Figure 11. The Human Brain in Position in the Skull as
Seen fromthe Lateral Aspect. FromRef. [2].
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A series of interconnected cavities known as the
ventricles lie within the cerebral hem spheres near the
center of the brain. Two |ateral ventricles are |ocated
wi thin cerebral hem spheres, the third ventricle is |ocated
near the corpus callosum and the fourth wventricle is
|ocated in the brain stem Cerebrospinal fluid fills the
ventricles, covers the entire brain in the subarachnoid
space, and flows into the central canal of the spinal cord.
The cerebrospinal fluid protects the internal portion of
the brain fromvarying pressures [2, 30].

The cerebrumis the largest part of the brain and
is divided into right and left cerebral hem spheres. The
cerebral hem spheres are separated by a deep mdline cleft
called the Ilongitudinal fissure. At the base of the
| ongi tudinal fissure, a bridge of nerve fibers called the
corpus callosum connects the two cerebral hem spheres. The
surface of the cerebrum referred to as the cerebral
cortex, 1is conposed of nunmerous convolutions, or folds.
The ridges of the folds are called gyri, and a shallow
groove is called a sulcus whereas a deep groove is a
fissure. The interior of each cerebral hem sphere is
conposed of white natter. Each cerebral hem sphere is
further subdivided into four |obes by fissures, each |obe
being named by its association to the nearest cranial bone.
The frontal |obe is located at the anterior portion. The
parietal lobe lies posterior to the frontal |obe and is
separated fromthe frontal |obe by the central sulcus. The
tenporal lobe is located below the frontal I|obe and is
separated by the lateral sulcus. The occipital |obe is
| ocated at the posterior portion of the |ateral hemnm sphere.
An additional part of the brain called the insula, is
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covered by portions of the frontal, parietal and tenpora
| obe [ 2, 22, 30].

The cerebellum is located at the |ower back of
the brain beneath the occipital |obes and behind the pons
and nedulla oblongata. It consists of tw latera
hem spheres that are separated by a layer of dura nater
called the tentorium The tentorium also separates the
cerebrum from the cerebellum on top. The cerebellar
hem spheres are joined at the mdline by a narrow bundl e of
white fibers called the verms. The outer cortex of the
cerebell ar hem spheres is gray matter; the inner cortex is
white matter. The outer surface of the cerebellum forns
into narrow folds separated by deep fissures. Three pairs
of nerve fiber bundles called the cerebellar peduncles
connect the cerebellar hem spheres to the mdbrain, pons
and nmedul I a obl ongata [ 22, 30].

The brain stem connects the cerebrum to the
spinal cord and contains a nunber of structures. The main
structures of the brain stem include the diencephalon, the
m dbrai n, the pons, and the nmedul | a obl ongat a.

The diencephalon lies between the mdbrain and
the cerebral hem spheres and encloses the third ventricle.
It is organized into nasses of gray matter called nuclei
The thalanus and the hypothalanus 1lie wunderneath the
cerebrum and connect it to the brain stem The thal anus
consists of two rounded masses of gray tissue lying wthin
the mddle of the brain, between the two cerebra
hem spheres. The thalanus acts as a relay center for
incomng sensory signals to the cerebral cortex and for

outgoing notor signals from it. Anot her nucl eus of the
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di encephalon is the hypothal anus which sends inpulses to
and receives them from the cerebrum and thal anus. The
hypot hal anus lies beneath the thalamus on the mdline at
t he base of the brain [30].

The mdbrain is |ocated between the pons and the
di encephal on. Nerve fibers of the mdbrain connect the
cerebral hem spheres to the brain stem and spinal cord.
Nerve cells within the mdbrain function as relay centers.
Corticospinal tracts connecting the cerebrum and spinal
cord are found on the underside of the mdbrain. Wt hin
the mdbrain is the cerebral aqueduct that connects the
third ventricle above to the fourth ventricle below [22].

The pons is an egg shaped bulge that |ies bel ow
the mdbrain in front of the cerebellum and above the
medul | a obl ongat a. The pons consists of |arge bundles of
white matter nerve fibers that connect the two halves of
the cerebell um and al so connect each side of the cerebellum
with the opposite-side cerebral hem sphere. The nerve
fibers of the pons relay inpulses to the cerebrum and back
to the nmedull a obl ongata [30].

The long lowernost portion of the brain stemis
called the medulla oblongata. It is continuous with the
pons and the m dbrain above and makes a gradual transition
into the spinal cord, below at the foramen nmagnum Al
ascending and descending nerve fibers pass thought the
medul | a obl ongat a. In the lower part of the nedulla
obl ongata, notor fibers cross fromone side to the other so
that fibers fromthe right cerebral cortex pass to the |eft
side of the body. The nedulla also contains a network of

nerve fiber called the reticular formation. It runs up the
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brain stem from the nedulla oblongata through the pons and
t he m dbrain. Nerve fibers in the network are responsible
for activating the cerebral cortex when sensory inpul ses
are received [30].
B. LI TERATURE REVI EW

Several 2D and 3D nodels have been devel oped over the
past 30 years but few have been fully validated. The
nmodel s have ranged from sinple spherical shell and fluid
nodels with linear elastic material properties to conplex,

t hr ee- di nensi onal , geonetrically correct nodel s wth
vi scoel astic, nonlinear properties. These nodels have
provi ded insight into brain injury nechanisnms and

postul ation for injury tolerance criteria.

Ward and Thonpson developed one of the first
successful finite elenment nodels for investigation of head
injury [34]. Their nodel was a three dinensiona
representation of the cerebrum cerebellum brain stem
ventricles, falx cerebri and tentorium cerebelli. The
material properties of the brain were nodeled as |I|inear
el asti c. Wth their nodel, Ward and Thonpson denonstrated
the inportance of nodeling the tentorium and fal x cerebri
by conmparing results with and wi thout the menbranes. Wth
the nenbranes included, the nodel correlated well wth

static and nodal experinental data.

Ward later revised the previous nodel to include a
meshed skull and new material properties [24]. The new
nmodel was validated by conparing the nodel response wth
cadaver head inpact test data. Measured and conputed
pressures were conpared at five locations in the brain.
There was good agreenent throughout except opposite the
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i npact site, where the magnitude of the measured negative
pressure was |lower than the conputed stress. The nodel
al so exhibited the positive pressure at inpact site and
negative pressure at the contrecoup site, thus confirmng

experinmental observation.

Ward revised the nodel again and used it to simulate
cadaver inpact tests and real aircraft accidents [35]. The
new nodel included new material properties where the
Poi sson’s ratio of the brain was varied according to inpact
duration to sinmulate the pressure release nechanisnms or
vol unme el astance. Brain injury severity was correlated
with peak intracranial pressure. The results showed that
serious and fatal injuries occur when the pressures exceed
34 psi (234 kPa). Based on this pressure tolerance limt a
brain injury tolerance curve was proposed. A conparison is
made between other injury criteria including the Wyne
State Tolerance Curve, Head Injury Criteria (HC, and
Mot orcycl e Hel net Standard No 218.

I n anot her paper, Ward reviewed the status of current
finite el ement nodel s and their appl i cations and
limtations [36]. Ward discusses the deficiencies noted in
several early nodels and suggests three requirenents that
should be included in the nodels. First, the opening in
the base of the skull, the foramen mgnum nust be
sinmul ated because tissue and fluids nove through the
openi ng. It acts as a pressure release nechanism for the
brain. Secondly, the falx and tentorium partition the
cranial cavity and provide support for the brain and nust

be included in the nodel. Finally, the brain nust not be
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nodel ed as inconpressible. A lower bulk nodulus or

effective Poisson's rati o nust be used.

Khalil and Viano also provided a critical review of
several current nodels to that date [15]. They identified
several critical features considered major factors that
conprom sed the accuracy of the nodels. Sonme of the nost
significant errors found in the nodels include: no
provision for relative notion between the skull and brain;
wi de variation of fluid conpressibility not corresponding
to experinmental values; resonant frequencies of the head
were ten tines too |low conpared with experinental values;
and acceleration input not sufficiently representative of
head i npact. The effects of fixed, hinged, sliding and
free, head-neck boundary conditions were also discussed
with the conclusion that the npst reasonable boundary
condition probably depends on the inpact condition but
needs further investigation.

Troseille et al. developed a specific experinental
pr ot ocol for cadaver testing and measur enent of
acceleration and intracranial pressures to be wused in
developing finite elenment nodels [31]. The authors also
di scussed the influence of material properties of the
brain, tentorium and cerebrospinal fluid used in finite
el enent nodel i ng. Additionally, they conducted i npact
studies using volunteer boxers as subjects. Head
accelerations of the boxers were neasured during training
fights. The neasured acceleration was applied to a 2D
finite elenent nodel proposed by GCeneral Mdtors. For
conparison, the nodel was nodified to include the tentorium

and representation of the cerebrospinal fluid as a |ow
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shear nodulus solid to allow for relative novenment between
the brain and skull. The objective was to establish an
under-estimation of human head tolerance by relating the
two nodels responses to observed effects on the boxers.
The results were also conpared to literature data. Lar ge
differences in response occurred between the two versions
of the nodel but it was unclear whether one was preferred
over the other.

Ruan et al. developed a 3D finite elenent nodel of the
head that included the scalp, a three-layered skull,
cerebrospinal fluid, dura mater, falx cerebri, and the
brain [28]. The nodel was validated by conparing the node
response with cadaver head inpact experinmental data. The
validated nodel was then used to evaluate head i npact
severity due to different types of inpacts. The i npact
speed, mass and | ocation were vari ed. The nodel predicted
hi gher skul | Von Mses stress and higher negative
i ntracrani al pressures in the contrecoup region for
occipital inpacts than for frontal i npacts. The authors
note that this result may explain clinical observations
that nore severe contrecoup injuries occur with occipita
i npacts. The results also showed that the effect of
i npactor mass on head response was not as large as that of
i npactor velocity. Additionally, the Head Injury Criterion
(HHCG was found to be proportional to intracranial
pressure, brain shear stress, and skull Von M ses stress,
therefore, the authors concluded that for direct head

i mpact H C seens to reasonably reflect inpact severity.

Zhou et al. developed a detailed three-dinensional

human head nodel as a continuation of the two-di nensional
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porcine brain nodels by Zhou et al. (1994) and the three-
di rensi onal hunan head nodel by Ruan et al. (1994) [39].
The nodel consisted of the scalp, skull, dura, falx
tentorium pi a, cer ebr ospi nal fluid, venus  sinuses,
ventricles, cerebrum (white and gray matter), cerebellum
brain stem and parasagittal bridging veins. The objective
was to study the inportance of including the white and gray
matter, ventricles and bridging veins in the three-
di mensi onal nodel . The nodel was run with and wthout
these features for conparison. First the nodel was
partially validated by conparison with experinental cadaver
i npact tests of Nahum et al. (1977). Then a sagittal plane
rotation sinulation was conducted wusing a rotationa
impulse from an animal test conducted by Abel et al.
(1978). The authors concluded that the nodel’s results
showed that differentiation between white and gray matter
and the inclusion of the ventricles are necessary in brain
nmodeling to predict higher shear stresses in the corpus
call osum and brain stem although the pressure response
between the two nodels essentially remained the sane. The
nodel also predicted that the bridging veins in the central
part of the superior sagittal sinus were at higher risk of
rupture due to inpacts. The authors concluded that the
nodel indicated this would probably occur during the
acceleration phase of occipital inpacts; inplying the
i nportance  of i npact direction in causing subdural
hemat ona. It was noted that this could also explain why a
low incidence of subdural hematoma occurs in vehicular
accidents where frontal inpacts predom nate as opposed to

falls and assaults where frontal inpacts do not.
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Bandak et al. wused a sinplified three-dinensional
finite element nodel developed by Dimasi and Eppinger to
study the evolution of strain in the brain under inpulsive
accel eration |oadings [4]. The nodel consisted of a rigid
skull, dura mater, falx cerebri and upper portion of the
brain. A Cunulative Strain Damage Measure (CSDM, based on
the volunme fraction of the brain that has experienced a
specific level of stretch, was proposed by the authors as a
possible indicator for deformation related brain injury.
Specifically, this neasure was proposed as a possible
predictor for strain related neural damage known as Diffuse
Axonal Injury (DAI) resulting from head inpact. Thi s
damage neasure was used to evaluate the relative effects of
rotational and transl ati onal accel erations on t he
devel opnent of strain damage in the brain. The nodel was
subjected to different conbinations of translational and
rotational accelerations that mght be expected to result
from autonotive crash restraint system forces. The authors
found that the damage neasure val ues were associ ated nostly
with rotational accelerations which also agrees wth
experinmental findings. Additionally, the nodel showed t hat
anterior-posterior rotations appeared to be sonmewhat nore

severe than nedial-lateral rotations.

D masi , Eppi nger and Bandak wused the previously
menti oned nodel again in another study where HC was
conpared to their proposed CSDM as a predictor of DAl [8].
Accel eroneter data was used to replicate the translationa
and rotational dynamic |oads experienced during actual
crash testing and applied to the finite el ement nodel. The
results again showed that CSDM was influenced nore by
rotati onal accel erati ons. Since HC accounts for
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transl ational accelerations only it was not a viable
predictor of rotationally induced strains and resulting
DAl . Therefore, it was shown that CSDM accounts for soft

tissue brain injuries that are not detectable by H C

Turquier et al. conducted a validation study of a
t hree-di nensi onal head nodel against cadaver inpact tests
[ 32] . The objective of their study was to evaluate the
basi s of assunptions involved in three-di nensional nodeling
of the head. The nodel was devel oped by coauthor WIIinger
using horizontal MRl slices. The nodel included a rigid,
encl osed skul I, fal x, tentorium subarachnoid space,
cerebrum cerebellum and brain stem associated with the
corpus call osum The nodel response nmatched experinental
data in terns of trend but presented significant
oscillations and a symretrical coup and contrecoup pressure
in the sinmulation that is not observed experinmentally. The
nmodel was run using both linear elastic and viscoelastic
material properties for the brain. It was found that the
vi scoel astic properties reduce the oscillations sonmewhat
but the vibrations were nore heavily influenced by the
subarachnoi d space Young’'s nodul us. Better agreenment wth
experinmental data was obtained when the original Young' s
nmodul us of the subarachnoid space proposed by WIIinger was
replaced wth the value used by Ruan (1993). The authors
al so suggest that the difference in pressures nay be
reduced by reconsidering the enclosed rigid skul

assunpti on.

Kang et al. developed a new three-di nensional nodel
from the basis of what was learned from the nodel of

Turquier et al. [14]. The new nodel included a nore
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realistic geonetry and nore refined nesh than the previous
nodel . The nodel included the skull, falx, tentorium
subarachnoi d space, scalp, cerebrum cerebellum and brain
stem The nodel was validated against the cadaver i npact
tests of Nahumet al. (1977). Then it was used to sinulate
an actual notorcycle accident. Good agreenent was found
for the nodel validation as well as the intracranial shear
stress distribution and observed contusion in the
nmot orcycl e acci dent sinul ation.

Cl aessens et al. developed two versions of a three-

di rensi onal head nodel [7]. The first one nodeled the
skull and brain as coupled, honbgeneous structures. The
ot her, decoupled the skull and brain by prescribing a
contact algorithm at the skull-brain interface. Also in

the second nodel, the brain was nodeled wth additional
substructures including the falx ~cerebri, tentorium
cerebrum cerebellum and brainstem The nodels were
val idated on the basis of nodal analysis and by conparing
nmodel response with cadaver inpact tests conducted by Nahum
et al. (1977). Modal validation agreed well wth various
experi ment al and nuneri cal dat a. For the i npact
simulation, better agreement was found w th experinental
data from the nodel wth substructures. The authors
believed this was because the supportive and separating
function of the tentorium and falx cerebri resulted in
lowi ng the pressures at the contrecoup site. A paranetric
study was conducted to determne the effect of Young' s
nodul us of the brain. It was found to have a significant
i nfluence. If the nodulus was too Ilow, significant
oscillations and over prediction of pressure occurred. The
authors also concluded from the study that allow ng
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relative notion between the skull and brain in the node
was i nportant. The true behavior of the interface was
believed to lie somewhere between the fully coupled and

free interface but closer to the free interface case.

Mller et al. conducted injury-causing experinments on
mniature pigs and developed two versions of a two-
di rensional plane strain nodel of the pig to be used in
conjunction with the experinental data for analysis of DA
[ 23] . Two approaches were used to nodel the interface
between the skull and the Dbrain. The first node
represented the subarachnoid space (CSF) as a |ow shear
nmodul us, nearly inconpressible solid. The second nodel
represented the relative notion as a sliding frictional
interface. Both nodels included distinction of white and
gray matter, the general fissure and sulci structures, the
dura mater, ventricles and subarachnoid space. In a
separate study, a conparison was nmade between a two-
di rensional plane strain nodel of the brain’s mdsection
and a three-dinensional nodel wth the sane frictional
i nterface. Both nodels produced simlar estimated strain
hi stories and kinematic responses thus supporting the plane
strain idealization wused in the present study. The
significant finding from the nodeling includes that the
mechani cal response is significantly affected by the manner
in which the relative notion between the cerebral cortex
and the dura nater is represented. Predi cted topographic
distribution of axonal injury and cortical contusions were
best devel oped when nodeling the subarachnoid space as a
sliding frictional i nterface. The rmaxi mum principa
nom nal strain and Von M ses stress based indices predict
conparabl e patterns of axonal and macroscopic henorrhagic
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cortical contusion; negative pressure was a poor predictor

for both fornms of injury.

One of the nost detailed nodels to date is a three-
di rensional finite elenment nodel devel oped by Al -Bsharat et
al. [1]. The nodel is a nodified version of the previous
one devel oped by Zhou et al. [39]. In the new nodel, the
gquality of the mesh was inproved and the skull was nodel ed
as a three-layered solid. Different linear viscoelastic
material properties were assigned to the gray and white
matter. The CSF remained as a | ow shear nodulus solid but
a sliding interface was introduced to simulate the
interaction between the CSF and pia mater. The objective
of the study was to examne both brain notion and pressure
response due to blunt head inpacts. Measurenments of the
relative notion occurring during inpact between the brain
and skull of cadavers was achieved. The finite elenent
nmodel was able to reasonable predict the trends of the
notions that were observed experinentally.

Four different nodels, ranging from a sinple solid
skull to a two-layered skull filled wth cerebrospinal
fluid material wth inclusion of representation of the
head-neck joint, were developed by Mhta et al. [21].
Al though the nodels were not yet fully validated, these
nodel s confirmed the coup-contrecoup nmechani sm and provided
val uabl e insight into nodeling paraneters and possible head

i njury nmechani smns.

More recently, Krabbel and Miller have developed a
promsing, highly realistic three-dinensional head nodel
using digital CT and MR data obtained from the Visible

Human Project Data set [17]. The nodel includes a
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geonetrically detailed skull and brain. Prelimnary
conparison with experinental inpact test data resulted in
good correspondence in ternms of contact force, center of

gravity accel eration and dynam c noti on.
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I'11. HEAD | NJURY

A TYPES AND Bl OVECHANI CAL MECHANI SMS OF HEAD | NJURY
Head injuries can be grouped into three general

categories: external soft tissue, skull injury, and brain
injury [9]. Although, brain injuries are much nore serious
than skin or skull injuries. For this study, brain injury

is of primary concern; therefore, the possibility of soft
tissue injury and skull fracture wll not specifically
addr essed.

Brain injuries can occur due to rapid nonentum change
resulting from direct contact forces to the head or from
non-contact inertial forces transmtted through the neck.
The human head is one of the nost vulnerable parts of the
human body when subject to Jlarge inpact and inertial
| oadi ng [ 4, 9].

Traditionally, it has been viewed that head injury is
caused by the translational and rotational accelerations of
the head produced by an inpact. In reality the vast
majority of head injuries are generated from both
transl ational and rotational inputs. The type and severity
in general, depends on the magnitude and duration of the
translational and rotational inputs. Injuries comonly
associated with translational inputs are skull fracture and
cerebral contusions (coup and contrecoup) while the
injuries associated with the rotational inputs are bridging
vein tears and diffuse axonal injury [29]. More recently,
researchers have argued that acceleration, per se, is not
the proximate cause of injury, rather, rapid notions of the
skull causes displacenent of the hard bony structures of
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the head against soft tissues of the brain which lag in
their notion due to inertia and | oose coupling to the skul
[33]

Closed head inpact can result in a wde range of
injury types and locations wthin the cranium Brain
injuries can be subdivided into two broad categories:
diffuse injury and focal injury. Diffuse brain injury,
whi ch consists of brain swelling, concussion, and diffuse
axonal injury (DAI) <can be identified by mcroscopic
eval uation of neural tissue. Focal injuries are primarily
observabl e vascul ar henorrhage and contusion of the brain
ti ssue, and include epidural hematomas, subdural hematonas,
i ntracerebral hemat onas, and cont usi ons (coup and
contrecoup). Focal brain contusion injuries are related to
adj acent bony tissues and stiff nenbranes, particularly the
grooves of the anterior and mddle fossae supporting the
frontal and tenporal |obes [4].

Studies have shown that diffuse injuries are nore
comon in victinse of auto accidents while focal injuries
are nost often found in victins of assault or falls. o
these injuries, acute subdural hematoma and diffuse axona
injury were the two nost inportant cause of death [22].

1. D ffuse Injury

Diffuse Injuries form a spectrum of injuries ranging
from mld concussion to diffuse white matter injuries. In
the mldest fornms, there is mainly physiological disruption
of brain function and, at the nost severe end,
physi ol ogi cal and anatom cal disruptions of the brain occur
[22] .
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MIld concussi on does not i nvol ve | oss of
consci ousness. Confusion disorientation and brief duration
of posttraumatic and retrograde amesia nay be present. It
is the nost common form of diffuse brain injury and is

conpletely reversible [22].

Cl assical cerebral concussion may be defined as an
i mediate loss of consciousness following a change in
ki netic energy. The | oss of consciousness is usually I|ess
than 24 hours. Unconsci ousness can occur when the
ascending or descending tract of the reticular formation
| ocated along the length of the brain stemis interrupted,
or the reticular formation itself is injured. Amesi a and
addi ti onal associated injuries my also be present.
Cerebral concussion can result form whiplash as well as a
direct blow to the head [9].

Concussion is nost likely related to shear strain
since the strains are high in the regions controlling
consci ousness and nenory [36]. At the sane tine, pressures
in these regions are usually |ow As a result of inpact
and the resulting relative notion between the brain and

skull, the main cerebral mass nmay rotate in relation to the
brain stem This puts an intermttent stretch on the
reticular formation [9]. The stretching in the brain stem

region can resulting in instantaneous unconsciousness due
to the disruption of inmpulses to and from the reticular
formation. The relative notion between the brain and skul

produces trauma to the brain as well as tearing of the
bl ood vessels that connect the brain to the overlying

menbranes [9].
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More than one nechanism is postulated to be the cause
of concussi on. The response characteristics thought to be
t he causes of concussion are: pressure differentials in the
brain, flexion extension and bending of the upper cervica
cord, relative displacement between the brain and skul
produci ng contrecoup injury or cavitation, shear stresses
in the brain stem near the foramen magnum shear stresses
in the upper brain stem due to angular displacenent, and
pressure waves traveling in the brain [34]. For head
inpacts nost of these characteristics are present, each
being a partial description of the reaction of the brain
and spinal cord.

Diffuse Axonal Injury (DAI) is a brain injury that
occurs when the axons of neurons are stretched and torn
produci ng cell death or the nechanical disruption of many
axons in the cerebral hem spheres and subcortical white
matter [22]. DAl is concentrated in the deep cerebral
regions and is not visible on radiological exans. DAl
observed in nore than 50% of all head injury cases wth
synptons ranging frommld or tenporary short lived | oss of

consciousness to severe long duration deep cona that

results frequently in death. Lesser degrees of DAl can
result in reversible conas: not all of the axona
di sruption associated wth DAl is irreversible [4].
Al t hough not conpl etely under st ood nor accurately

predicted, the nature and consequences of DAl are now

postul ated as nechanical danage that is proportional to

both the magnitude and rate of strain occurring in the

brai n. Axonal injury is thought to depend on a nunber of

factors including the location of injury, the nagnitude of

strain induced, and the volune of the brain material
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af f ect ed. These factors, in turn, are influenced by the

magni tude and direction of the applied dynam c |oading [8].

Shearing injuries are another form of diffuse brain
injury. Shear strains are the largest strains in the
brain. The high shear strain regions are in the brainstem
and cerebellum and along the external surface of the
cerebral cortex [36]. In addition to causing henorrhage
subdural hematoma and concussion, shear strain is the nost
i kely cause of |aceration. Laceration is the nobst severe
form of brain injury and occurs when the brain is subjected
to a force of sufficient intensity to cause a tearing and
di sruption of the brain substance itself. Injuries, in
general, are nore severe where shear strain and tension

stress conbi ne.

Brain swelling, or an increase in intravascular blood
within the brain, nmay be superinposed on diffuse brain
injuries, adding to the effects of the primary injury by
i ncreased intracranial pressure [22].

2. Focal Injury

Acut e subdural hematona occurs in nearly 30% of severe
head i njuries. It usually causes a narked increase in
intracranial pressure and serious deformation of the brain.
Consequently it is associated with a high nortality rate,
57-90% In closed head inpact, subdural hematomas can be

caused by brain laceration or contusions, or tearing of the

bridgi ng veins. However, bridging veins rupture is the
primary cause. Wen relative notion occurs between the
brain and skull, such as during head inpacts, the veins can

be stretched and torn [19].
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Cerebral contusion is defined as bruising of the brain
wi thout a break in the continuity of the surface or deeper
ti ssues. They are usually visible on a CT scan.
Contusions are often located in the superficial brain
structures, often close to the skull, but sonetinmes deep
cerebral hematonmas occur and always coexist wth DAI
Contusi ons occur not only at the site of inpact and in the
areas of contrecoup damage, but my be sufficiently
w despread to constitute a form of diffuse brain injury.
In the region of the inpact (coup), pressure from the blow
causes small bl ood vessels to burst. As the energy wave is
transmtted through the brain substance, various other
smal|l vessels are disrupted and henorrhages occur. The
contrecoup lesions are nore significant than the coup
| esi ons. They occur predomnantly at the frontal and
tenporal poles, which are inpacted against the irregular
bony floor of the frontal and m ddl e fossae.

In the contrecoup area the nechani sm of henorrhage is
nore conpl ex. As the relatively rigid skull is driven
forward, the brain deforms and |ags behind conpressing

against the skull creating a positive pressure region at
the coup site. A negative pressure region is created at
the contrecoup site as the skull pulls the brain along.

The negative pressure forns gas bubbles in and on the brain
substance, which cause injury during both formation and
coll apse. Small blood vessels in the surrounding areas are
si mul t aneously subjected to negative pressures that cause
blood to leak into brain tissue, at the same tine, a
surface wave travels along the brain periphery toward the
area of negative pressure. Wen this wave reaches the
outer area of cavitation, there is a forward projection of
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the surface brain tissue and a whi pping notion takes place,
subjecting the area to even nore injury [9]. Body tissues
tolerate positive pressure better that negative pressures;
hence, the contrecoup injury is often nore severe than the
coup injury. H gh, nearly hydrostatic nornmal stresses are
t hought to be the prinmary cause of contusions. Conpressive
stresses of 234 Pa (34 psi) can cause serious brain trauna
near the inpact site. Tension stresses of 186 Pa (27 psi)
can cause contrecoup contusions opposite the inpact site
[ 36] .
B. HEAD | NJURY CRI TERI A

Determ nation of human tolerances to injury is
conplicated by a nunber of factors, including the
magni tude, distribution, duration and pul se shape of force

of the inpact; the body orientation, characteristics of the

striking object. Bi ol ogical factors may also influence
human tol erance i ncludi ng sex, age, physical and nental
condition, body size. Vari ati on between individuals mnust

be considered because tolerance under certain conditions
can vary from one person to the other. Addi tionally,
current tolerance criteria are based on the occurrence of a
single inpact event. Less is known about the effects of

mul tiple inpacts occurring at different |ocations.

The Head Injury Criterion (HC is currently used to
evaluate the severity of head injuries sustained in
aut onobi |l e accidents. The Federal Mdtor Vehicle Safety
Standard (FMWSS) 208 defines H C by the foll ow ng equation:
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Were A(t) is the tine history of the resultant
accel eration of the center of gravity of the head in Gs,
and t2 and t1 are time points that are varied to maxi m ze
HC[]. The National H ghway Traffic Safety Adm nistration
established a HC tolerance Iimt of 1000. Another index
that used in conjunction with HHC is the Abbreviated Injury
Scale (AIS). AISis a coding systemused to classify
injury severity as shown in Table 1. H C equal to 1000
corresponds to a 16%risk that severe (AIS 4) head injury
may occur [18]. A curve indicating the risk of life
threatening brain injury as a function of HHCis given in

Figure 12.

Severity Code
Minor
Moderate
Serious
Severe
Critical
Virtually unsurvivable
Table 1. Abbreviated Injury Scale Severity Codes. From

Ref. [18].
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Figure 12. Injury Risk Curve for HHC. From Ref. [18].

The Head Injury Tolerance curve originated from the
Wayne State Tol erance Curve which was based on data from
experinmental inpact tests conducted on animals and cadavers
by Lissner et al. (1960). The curve was originally a plot
of the effective head acceleration versus tine duration
from unenbal ned cadaver inpact tests conducted for tine
durations of 1 to 6 ns [26]. The curve was |ater extended
to time durations above 6 ns using conparative animl and
cadaver inpact data with human volunteer sled acceleration
tests [22]. In 1961, Gadd fit the WSTC data, plotted on a
log-log scale, with a straight |ine. Gadd subsequently
used this to develop an acceleration-weighted inpulse
criterion called the Gadd Severity Index (GSI). This index
was wdely used in crash injury research until the Nationa
Hi ghway Traffic Safety Adm nistration rescinded its use as
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a result of certain objections. The GSI was supercede by
the Head Injury Criterion which was the sanme as the Gadd
Severity Index except the “effective acceleration’ was
replaced by the conventional average waveform |evel for
acceleration where the integration is carried out over the
full time duration of the inpulse. H C was | ater nodified
to its current definition by stipulating that the tine
poi nts spanning the inpulse should be chosen such that H C
is maxi m zed [ 26].
C. OTHER PROPOSED | NJURY TOLERANCE CRI TERI A

Nunerous other head injury criteria have been proposed
over the last few decades. Wiile many of these were based
on the WSTC, there have been several other notable attenpts
to develop criteria which are independent of the WSTC
Al though sonme of these criteria appear to be reliable
predictors of certain types of head injury; they are yet to

be uni versally accept ed.

One of the early nodels was proposed by the Vienna
Institute. The criterion based on the maxi num di spl acenent
of a sinple, single degree-of-freedom nodel. Anot her
si ngl e degree-of-freedom nodel was suggested by the H ghway
Safety Research Institute (HRSI) at the University of
M chigan called the Maxinmum Strain Criterion (MsC). The
M5C was derived from the differences in acceleration
bet ween the front and back of the skull [35].

Ward proposed a Brain Pressure Tol erance (BPT) curve
based on the occurrence of brain contusion and henorrhage
derived fromthe conbined predictions froma finite el enent
nodel of +the head and experinmental data [35]. War d
determ ned that intracranial pressures above 34 psi could
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produce brain contusions. Curves of the head acceleration

t hat produces 34 psi were proposed as tolerance limts.

Dinmasi et al. [8] also proposed a finite el enent nodel
based criterion called the Cunulative Strain Damage Measure
(CsD™ . The neasure estimtes danmage to the soft tissues
of the brain by accounting for the strains induced by

transl ati onal and rotational kinenatics.
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V. FINITE ELEMENT MODEL

A two-di nensional, plane strain, finite elenment nodel
of the head and spine was developed that is capable of

adequately predicting the biodynamc response of head

injury due to inpact. The nodel includes the cervical
vertebrae, intervertebral disks and facet joints along
with, the skull, and najor conponents of the brain

including the cerebrum cerebellum brain stem tentorium
and the surrounding cerebral spinal fluid. The commerci al
finite el enent package MSC/ PATRAN was used for pre and post
processi ng and MSC/ NASTRAN was used for anal ysis.
A SPI NE

The nodel of the cervical spine was based on the nobdel
devel oped by King [16] who based his nodel on a previous
one developed by WIlians and Belytscho [38]. Since a
di fferent analysis program was used than that of King, sone
el enent types were not available and the nodel had to be
nodi fi ed. The spine is nodeled wth a series of beam
el ements. Each vertebra is nodeled with two beam el enents.
The intervertebral disk between the vertebrae is nodeled
with one beam el enent. Two beam el ements are used to nodel
the facet joint with the end of each beam connected to the
m dpoi nt of an adjacent vertebra [16]. The head-neck joint
was nodeled using two beam elenents connected in a V-
pattern. The material properties of the spine nodel are
listed in Table 2.
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Conmponent Young’ s Modul us | Poisson Ratio Density
E [Pa] y p [ kg/ nB]
Vert ebr ae 1.213 x 10%° 0.2 1000
Di sks 1.5 x 10° 0.2 100
Facet Joints |[1.5 x 10* 0.2 1000
Head- Neck 1.213 x 10° 0.2 1000
J oi nt

Table 2. WMaterial Properties of the Cervical Spine Used in
Model .

The entire spine was nodeled in a simlar fashion as
the cervical spine and was used to facilitate sinulation of
the sled acceleration test used for the dynam c validation
of the head-neck. For subsequent head-neck analysis only
the cervical portion of the spine and the first thoracic
vertebra will be retained.

B. HEAD

The finite elenent nodel of the head is a
geonetrically true representation of the head devel oped
from sagittal plane CT inages of the head obtained from Bo
[6] and cross-sectional views from O son [27]. The node
i ncludes the nmain anatom cal features of the head including
the cerebrum cerebellum brain stem tentorium and the

surroundi ng cerebral spinal fluid.

The finite element nesh of the head is conti nuous and

represents an average adult human head. The skull is
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nodeled as a single layer of variable thickness, wth
equi val ent Young’s nodulus, to sinulate the inner spongy
bone and outer cortical |ayers. The foramen nmagnum was
nodel ed by including an opening at the base of the skull.
The components of the brain: the cerebrum cerebellum and
brain stem are all npdeled as two-dinmensional solid, plane
strain el enents. The brain is conpletely surrounded by
el emrents representing the subarachnoid space. The
subarachnoid space has been approximted as consisting
entirely of cerebral-spinal fluid. The cerebral spinal
fluid is nodeled as a |ow shear nodul us, nearly
inconpressible, solid in order to allow relative notion
between the brain and skull. The tentorium is nodeled
using rod elenents and is attached to the back of the skul
and separates the cerebrum and cerebel | um

Al material properties used in the nodel are linear
el astic since the finite el enent package used did not allow
definition of viscoelastic properties. Sel ecting proper
mat erial property values for biological material is always

difficult. Since biological mat eri al is nonlinear,
ani sot r opi c, and often viscoelastic. The WMaterial
properties found in the literature vary wi dely. Aver ages

of the nost frequently used values fromthe literature were
used for this study. A conparison of the various materia
properties used by other researchers is shown in Table 3.
The material properties selected for this study are shown
in Table 4. The entire head-neck nodel is shown in Figure
13.
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Conponent Bul k Young' s Poi sson Density | Reference
Modul u | Modul us Rati o
S
E [ Pa] v [kg/prrB]
Brain 6. 8e3 0.48 1040 Ward 1975
Brain Stem 1.02e4 0.48 1040
CSF . 0.48 1040
Dur a 3.213e6 0.48 1133
Skul | 5.66e9-12.3e9 | 0.22 1400 Shugar 1977
Fl uid 21.9e8
Scal p 3. 45e7 0.4 1200 Khalil and
Shel | 8. 5e6 0.2 2070 Hubbard 1977
Fl uid 21. 9e8 0.5 1030
Brain 4. 5e6 Ward 1977
Brain Stem 2.2eb
Brain 6.67e5 0. 48-0.499 | 1040 Ward 1980
CSF 6. 67e4-6.67e5 | 0. 48- 1040
0. 4999
Skul | 4. 46e9 0.21 1400 Hosey and Liu
CSF 6. 67e4 0. 49- 1040 1980
0. 49999462
Brain 6. 5e5 .48-.499 Ward 1982
Menbr ane 3. 15e7 .45
Skul | 4. 46e9 .21
Brai n 2.4e7-2. 4e8 0. 49 Troseill e 1992
CSF G=0. 2e3 0. 49999
Menbr ane 1. Oe8
Brain 1. 86€e9 Bandak and
Dura nater 3. 45e7 0. 45 Eppi nger 1994
Fal x Cerebri 3. 45e7 0. 45
Brain 6. 75e5 0.48 1140 Zhou 1995
Subar achnoi d 1. 2e4 0. 49 1040
Tent / Fal x 3. 15e7 0. 45 1140
Brai n 5. 625e
Subar achnoid | 6 1. 445e6 0. 489
Brai n 5.625e | 6. 75e5 0. 48 1140 Tur qui er 1996
Subar achnoid | 6 1. 2e4 0. 49 1040
Tentorium 3. 15e4 0. 45 1140
Fal x
Skul | 6. 5e9 0.22 2070 Cl aessens 1997
Face 6. 5e9 0.22 5000
Cer ebrum le6 0.48 1040
Cer ebel [ um 1le6 0.48 1040
Fal x 3. 15e7 0. 45 1130
Tentori um 3. 15e7 0. 45 1130
Br ai nstem le6 0.4 1040
Table 3. Various Material Properties of the Head fromthe

Li terature.
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Conponent Young’ s Mbdul us | Poi sson Ratio Density
E [Pa] y p [ kg/ nB]
Skul | 6. 5x10° 0.22 2100
Cer ebrum 1.5 x 10° 0. 48 1040
Cer ebel | um 1.5 x 10° 0. 48 1040
Brain Stem 1.5 x 10° 0.4 1040
Tentorium 1.0 x 108 0. 45 1133
CSF 6.67 x 10° 0. 49 1040
Table 4. WMaterial Properties of the Head Used in Mbdel.
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Figure 13. Finite El enent Mddel of the Head and Neck.
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V. RESULTS AND DI SCUSSI ON

A MODEL VALI DATI ON

1. Ew ng Sl ed Test

To validate the dynam c response of the head and spine
a conparison was nmde wth the data from the Nava
Bi odynam cs Lab (NBDL) human volunteer sled acceleration
test conducted by Ewing et al. [10]. In this test,
vol unteers are seated in an upright position and restrained

by shoulder straps, a lap belt and an inverted V pelvic

strap tied to the lap belt. The head and neck are not
restrai ned. The subjects are then exposed to short
duration acceleration simulating frontal i npact. The sl ed

was linearly accelerated fromrest to a maxi num of 7.4G at
14.2 nms and then allowed to decelerate linearly back to
rest at 340 nms. The resulting 3D displacenents and
accelerations of the head and first thoracic vertebral body
wer e recorded.

a. Met hod and Simnul ation

To sinulate the test, a nethod simlar to that
used by WIllians and Belytscho [38] and King [16] was
enpl oyed. The finite elenent nodel of the head and spine
was fixed to a rigid wall wth three linear springs (k =1
X 10° Nm) representing the sled and restraint system A
spring was attached to the first thoracic vertebra, 10'"
thoracic vertebra and the second |unbar vertebra as shown
in Figure 14. The pelvic region was free to nove in the X-
direction only. The wall was then accelerated along the
profile used in the sled test using the nmethod of |[|arge

nass. The resulting vertical displacenent and |Iinear
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conponents of acceleration of the center of gravity of the

head was conpared with the experinental results.

L

Figure 14. Finite El enent Mddel Sinulating Sled
Accel eration Test.

b. Resul ts

Figure 15. shows the vertical displacenent of the
head relative to the first thoracic vertebra. The node
response agree well with the experinental data in terns of
general curve shape and peak displacenent, although the
nodel has a slight delay in reaching the peak displacenent.
The response of the nodel shows that the head begins to

drop earlier than it does in the experinent, but it also
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cones back up later than in the experinent. Thi s

di screpancy is probably due to the sinplicity of the neck

nodel ; since the nuscles, liganments and other soft tissue
of the neck were not nodeled. 1In reality, the neck mnuscles
will contract shortly after the initial acceleration, thus

changing the effective stiffness and danpi ng of the neck.

Vertical Displacement of Head
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Figure 15. Vertical D splacenent of the Head

The acceleration of the center of gravity of the
head in the X-direction is shown in Figure 16. Correlation
with the experinental data is fair, but the nodel under-

predicts the magnitude of the first two negative peaks. A
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slight leading tinme shift is also observed in the node

response. Again, these discrepancies may be due to the
sinplicity of the nodel. Specifically, the facet joints
should be nodeled using discrete spring elenments at their
interface rather than as fixed beans of equivalent
stiffness. The use of fixed beans was a nodification from
the original nodel developed by King. This nodification
was necessary since the discrete elenents used in King s
nodel were not available in the analysis program used for

this study.

The acceleration of the center of gravity of the
head in the Y-direction correlated nore closely with the
experinmental data. Again, there is a leading tine shift
and the magnitude of the final peak is a bit |ow

Overall, the dynamc response of the head-neck
nodel was fair. Based on these results, it was concl uded
that additional details such as Iliganents and nuscles
should be added to the nodel in order to inprove

correlation with experinental data before using the neck in

a paranetric study.
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2. Nahum Cadaver Head | npact Tests

Validation of the response of the head was perforned
by conparison with direct head inpact experinents perfornmed
on cadavers by Nahum et al. [24]. In this experinent,
seated, stationary cadaver subjects were inpacted by a
rigid mass traveling at a constant velocity. The bl ow was
delivered to the frontal bone in the md-sagittal plane in
an anterior-posterior direction. The skull was rotated
forward so that the Frankfort anatom cal plane was inclined

45° to the horizontal. Various padding nmaterials were
i nposed between the skull and inpactor to vary the duration
of the applied | oad. Fresh, unenbal ned cadavers that were
repressurized were used. In addition to the Dynamc
nmeasurenents of the input force and head acceleration, a
series of i ntracrani al pressure-tinme histories were
recorded during the experinment. The intracranial pressures
were recorded at five |locations: at the frontal bone
adjacent to the inpact contact area, immediately posterior
and superior to the coronal and squanosal sut ures
respectively in the parietal bone, and inferior to the
| andoi dal suture in the occipital bone and at the posterior
fossa in the occipital bone [24].
a. Met hod and Sinul ation

To simulate the cadaver head inpact experinents, the
measured inpact force profile was applied directly to the
frontal bone of the skull at an angle of 45° from the
Frankfort plane as in the inpact tests conducted by Nahum
A free boundary condition is used since for short inpacts
it has been determned that the neck restraint does not
influence the response [28]. The acceleration of the

center of gravity of the head and intracranial pressures
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Figure 19. |npact Force

b. Resul ts

Figure 20. shows the time history of acceleration
of the center of gravity of the head. The nodel response
correlates well wth the experinental data in terns of
overall curve shape and magnitude, although, a time delay
is observed in the nodel response. This discrepancy nay be
due to the selection of linear elastic nmaterial properties
for the brain. Several researchers have concluded that the
response of the brain is sensitive to both Young’s Mdul us
and Poi sson Ratio [7,24,31,35]. Also, when a conparison of
linear elastic and viscoelastic material properties was
made using the same nodel, using viscoelastic material

properties gave better results [7, 32].
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Head Acceleration
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Figure 20. Head Accel eration

The  post processor, PATRAN gives pressure
nmeasurenents in terms  of hydrostatic stress, wher e
conpression corresponds to a negative value and tension is
given as a positive val ue. The experinmental pressure data
was replotted with this sign change (as hydrostatic stress)
in order to make a direct conparison wth the nodel
response data. The hydrostatic stress conparisons wll be
referred to as “pressures” in the follow ng discussion.
Figure 21. shows a conparison of the pressure tine history
at the inpact, or coup site. The correlation of the nodel
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response and experinental data was excellent. The tine |ag
seen in the acceleration response is not observed here
since the pressure neasurenment was taken near the i npact

site.

Frontal Hydrostatic Stress
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Figure 21. Frontal Hydrostatic Stress (Pressure)

The pressure tinme history at the contrecoup site,
measured at the posterior fossa, is shown in Figure 22.
The nodel agreed well with the experinental data in terns
of curve shape but the magnitude of the contrecoup pressure
was too high. This my be due to the nodel not
sufficiently representing the pressure release nechanism
offered by the foranmen nmagnum at the base of the skull.
Al though the foramen magnum is nodeled, brain tissue and
fluid cannot nove through it to the extent that it does in
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reality. Adding a conplete spinal cord and surrounding

fluid to the nodel could possibly reduce the coup pressure.

Posterior Fossa Hydrostatic Stress
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Figure 22. Posterior Fossa Hydrostatic Stress (Pressure)

In the experinments, pressure in the occipital
region was neasured in tw |locations laterally equidistant
from the mdline of the head in order to check for a
symmetrical response. The two neasurenments are shown in
Figure 23. as experinent 1 and experinent 2. Since the off
center neasurenment was not possible in the 2D nodel the
occi pi tal pressure was approxinmated at the mdline
| ocati on. Wth this approximation in mnd basic curve
shape and magni tude were considered as conparison criteria.
The general shape of the curve agreed well wth
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experinmental data but the magnitude of the pressure was
somewhat t oo high

Occipital Hydrostatic Stress
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Figure 23. Cccipital Hydrostatic Stress (Pressure)

Anot her approxinmate |ocation was used to conpare
the Parietal pressure tinme history neasurenent as shown in
Figure 24. The nodel response correlated well in ternms of
curve shape and nmagnitude but the nodel predicted a
negative pressure (tensile stress) response after 5 ns that

did not occur in the experinent.

64



Parietal Hydrostatic Stress
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Figure 24. Parietal Hydrostatic Stress (Pressure)

Figure 25 shows the pressure distribution across
the brain at 3 ns, which corresponds to the peak force.
The pressure is linearly distributed across the brain with
conpression at the inpact site and tension at the
cont recoup | ocati on. Thi s typi cal coup-contrecoup
phenonenon agrees wth experinental data as well as the
response of finite elenment nodels of Ruan [28], Zhou [39]
and Kang [ 14].
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Figure 25. Hydrostatic Stress (Pressure) Contours at 3 ns

B. PARAMETRI C STUDY

The validated nodel was
parametric study. First, the biodynam cal response was

direct head inpact to the frontal, occipital
Four inpact force profiles

and pul se duration were

used to conduct a 2 part

exam ned under
and crown regions of the head.

of different peaks, rate of onset
applied directly to the nodel, simulating different

conditions of loading that could result from direct inpact.
The three force profiles shown in Figure 26. and the force
profile from the validation case (Figure 19) were used.

Force profiles 805 and 410 have the sane area under the
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curve while force profiles 805 and 810 have the same peak
force. Force profiles 810 and 410 have the sane duration.
Al of the profiles have different rates of |oading. These
paranmeters were chosen in order to assess their respective
influence on the response of the head. The head
acceleration, intracranial pressures and nmaxinmum brain
shear stress are neasured and conpared with the resulting
Head Injury Criteria (HC) values in order to evaluate the
effectiveness of HHC in predicting injury.

Impact Force Profiles
8000 1 - 805 810 — 410
6000 T
Z
()
S 4000 + g
e /7~ .
-
/ ™~
2000 1+ - . ~
S . ~ _
V/ -
~
0 : : : : : : : : —
0 1 2 3 4 5 6 7 8 9 10
TIME [ms]

Figure 26. Force Profiles Used in Parametric Study.

For the second part of the paranetric study, the
effects of variations in inpactor mass and initial velocity

were exam ned. An | npactor was nodeled as a 2D solid
directly attached at the frontal, occipital and crown
regions of the skull. Different values of mass and initial
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velocity were applied to the inpactor

geonetry as shown in

Table 5. The values were selected such that the different
values of mass and initial velocity resulted in the sane
val ue of nonmentum and kinetic energy for two of the cases

respectively.
i nportance of

peak head accel eration

Thi s

t hese neasures on

was done

the sinmul ati ons were recorded.

in order to
t he head

coup and contrecoup pressures from

response.

assess the
The

Case Mass [ kg] Vel ocity Moment um Ki netic
[ M s] (M) Ener gy
(% M)
M V; 0.43 10 4.3 43
M V, 0.215 20 4.3 86
M Vs 0.215 14. 14 3. 04 42.99
M V, 0.43 20 8.6 172
Table 5. Inpactor Mass and Initial Velocity.
1. Ef fects of inpact force characteristics
Figure 27. shows the effect of the different force
profiles on head acceleration. Hi gher peak forces resulted
in higher accelerations. But shorter inpact resulted
hi gher acceleration than a |onger duration inpact of the

Thi s

duration are inportant.

rate and

i npact
accel erati ons.

same peak force. i ndicates that | oading

No particular |ocation of

consistently corresponded to hi gher

Therefore it is concluded that acceleration of the head due

i npact
degree, | oading

to direct is a function of peak force, and to a

| esser rate and i npact

duration, and is
i ndependent of | ocation of inpact.

The magni tude of the coup and contrecoup pressures are

I npact
each force profile the frontal
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I npact

shown for different in Figure 28. For

coup pressure was the



lowest and the occipital inpact coup pressure was the
hi ghest . The highest contrecoup pressure occurred wth
frontal inpacts while the |lowest occurred wth crown
i npacts where sonme pressure release through the foranen
magnum was possi bl e. The higher peak force with shorter
duration caused the highest coup and contrecoup pressures
for all cases except occipital inpact coup pressure where
the higher peak force wth longer duration caused the
hi ghest pressure. Since the higher peak force-shorter
duration i npact al so corresponded to t he hi ghest
acceleration it appears that peak acceleration nmay be an
i ndi cator of pressure magnitude.

Head CG Acceleration [m/s”2]

3000

2500 1 - - -

2000 1 - - -

1500 + - -

1000 + - -

500 + - -

Frontal Occipital Crown

| [l VValididation 7] Force-805 [Jjjjj Force-410 [ _|Force-810 |

Figure 27. Head CG Accel eration by Location.
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Coup-Contrecoup Pressure [Pa]
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Figure 28. Pressure by Location.

Figure 29. is a plot of the coup and contrecoup
pressures versus peak head acceleration for frontal
inpacts. Fromthis graph it can be seen that pressure does
in fact increase wth peak acceleration but not at a linear
rate. More data points would be needed to ascertain if any
functional relationship in fact exists.

Figure 30. shows the pressure versus acceleration for
occi pital inpacts. Again it can be seen that, in general
pressure increases wth increasing peak acceleration but
there is a junp in pressure where two data points have
nearly the sane acceleration. This indicates that there is
a range of variability in pressure at a single acceleration
val ue that nmay be due to another factor. In this case the
data point with a higher pressure corresponded to the

hi gher peak force-longer duration profile.

70



Frontal Impact
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Figure 29. Pressure Versus Acceleration for Frontal
| npact .
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Figure 30. Pressure Versus Acceleration for Cccipital
| npact .
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For crown inpacts, the trend is also increasing
pressure with increasing peak acceleration as shown in
Fi gure 31. But this time the junp in pressure at nearly
identical acceleration values is nore severe for higher
peak force-shorter duration inpacts. It would appear that
the influence of duration of inpact depends on |ocation but

nore data points would be needed to test this hypothesis.

H C was cal cul ated for each force profile run. Figure
32 shows how HIC varied with inpact |ocation. The hi ghest
HC wvalues for all loading conditions occurred wth
occi pital inpacts. This also corresponds to the highest
coup pressures as seen previously in Figure 28. Therefore,
based on HIC and coup pressure, occipital inpacts wll be
the nost severe for a given loading simlar to the force
profiles used in this study.

Crown Impact
Pressure Vs Acceleration
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Figure 31. Pressure Versus Acceleration for Crown | npact.
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HIC
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Figure 32. HI C by Locati on.

Figure 33. shows a conparison of the nornmalized coup
pressure, contrecoup pressure, maxi mum brain shear stress,
and H C, versus peak head acceleration for frontal inpacts.
For all the cases, regardless of |location of inpact, the
maxi mum brain shear stress occurred in the brain stem | t
can be seen that HC follows a simlar trend as to brain
shear stress and to a l|esser extent coup and contrecoup
pressures. This is especially true at higher accel erations
where HIC and brain shear stress start to decrease wth
i ncreased acceleration while coup and contrecoup pressures
are still increasing. This indicates that HHC nay only be
an indicator of injury potential for a certain range of

accel erati on.
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Frontal Impact
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Figure 33. Normalized Paraneters Versus Accel eration for
Frontal | npact.

A simlar trend is observed for occipital inpacts in
Figure 34. In this case HC odes not <correlate wth
contrecoup pressure at the |ower range of accel erations but
does <correlate nmuch Dbetter at the higher |evel of
accel erati on. Again this shows that HC is not a good
predictor of all the injury causing paraneters over the
full range of accel erations.

For crown inpacts, shown in Figure 34., it is clear
that HI C does not correlate with the parameters at higher
accel eration values but seens to be reasonable in the |ower

range.
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Occipital Impact
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Figure 34. Normalized Paraneters Versus Accel eration for
Ccci pital I npact.

Crown Impact
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Figure 35. Nornalized Paraneters Versus Accel eration for
Crown | npact.
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2. Ef fects of inpactor characteristics

Figure 36. indicates the effect of changing mass and
initial velocity on head acceleration. The effect of
doubling the velocity while keeping mass constant can be
seen going from case ML-V1 to M-V2. The effect of
doubling the mass while keeping velocity the same can be
seen in going from case M2-V2 to M-V2. Clearly, velocity
has nore of an effect than nmss. This indicates that the
peak head acceleration is nore closely related to kinetic
energy rather than nmonmentum since nonentumis proportion to
velocity and kinetic energy is proportional to the square
of the velocity. Contrary to the force profile results in
Figure 27, the acceleration depends on inpact |ocation.
The accelerations were highest for frontal inpacts and
| onest for occipital inpacts. It is unclear exactly what
is influencing this result but it may be due to the overal
hi gher accelerations of the nass-velocity runs. It is
possi bl e that at high values of acceleration the functional

rel ati onship of the head response changes.
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Head CG Acceleration [m/s”2]
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Figure 36. Head CG Accel eration by Locati on.

Figure 37. shows the resulting pressure from the
different mass-velocity conbinations. The highest coup
pressure occurred with frontal inpacts while the |owest was
seen with crown inpacts. The hi ghest contrecoup pressure
occurred with occipital inpacts while the |owest occurred
with frontal inpacts. The higher mass, higher velocity
conbi nation (M.-V2), resulted in the highest pressures
while the lowest mass with the mddle value of velocity
resulted in the |owest pressures. These results do not
agree with the force profile results shown in figure 28.
There appears to be a shift in dom nant pressure, whether
coup or contrecoup, for occipital and crown inpacts where
for higher accelerations the contrecoup nechanism has
hi gher pressure nmagnitudes than the coup nmechani sm Thi s
can be seen nore clearly by conparing the plots of pressure

versus acceleration at the different inpact |ocations for
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the mass-velocity runs (Figures 38-40), with those of the
force profile runs.

Coup-Contrecoup Pressure [Pa]
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Figure 37. Pressure by Location.
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Figure 38. Pressure Versus Acceleration for Frontal
| npact .
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Occipital Impact
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Figure 41 is a plot of the peak head acceleration

versus the inpactor nonentum for frontal, occipital and
crown inpacts. In general acceleration appears to increase
wi th increasing nonentum However, at the two data points

having the sanme nonentum the one wi th higher acceleration
corresponded to the case wth Ilower mass and higher
vel ocity. The same relationship holds for the plot of
pressure versus nonmentum as shown in Figure 42. \Were, for
constant nonmentum the higher pressure corresponds to the
case with [ower mass and higher velocity. This indicates
that for a given nonentum a relative increase in velocity

has nore injurious effects that an increase in nass.
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Figure 41. Acceleration Versus Monentum for Frontal
Ccci pital and Crown I npacts.
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Pressure Vs Momentum
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Figure 42. Pressure Versus Monentum for Frontal, QOccipital
and Crown | npacts.

The peak head accel eration versus the inpactor Kkinetic
energy is plotted in Figure 43. Overall, the acceleration
increases wth increasing kinetic energy. The peak
acceleration seens to have a nore linear relationship with
kinetic energy of the inpactor than it did with nonmentum
But there is still a difference in acceleration for the two
data points with the same kinetic energy. This tinme the
hi gher acceleration corresponds to the case wth higher
mass and | ower velocity. The same trend is also seen in
Figure 44. with the pressure plotted agai nst kinetic energy
of the inpactor. Basically, the pressure follows an
increase in peak acceleration in both the constant nonmentum

and constant kinetic energy cases.
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Fi gure 43.
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VI . CONCLUSI ONS AND RECOMVENDATI ONS

A CONCLUSI ONS

The objective of this study was to develop a finite
el ement nodel of the human head and neck such that the
nodel adequately predicts the biodynamcal response to
direct head inpact and inertial |[|oading. The nodel was
used to investigate the bionmechanics of head injury and
associated injury nechanisns, and then to evaluate the
ability of HHC to predict injury. The dynam c response of
t he head-neck nodel was validated by conparison with the
results of human volunteer sled acceleration experinents.
Val i dation of the head nodel was acconplished by conparing
the nodel’s response with neasured cadaveric inpact test
data. Once the nodel was validated, a paranetric study was
conducted to determne the effects of different inpact
force profiles, | ocati on of i npact and i mpact or

characteristics.

The results of the paranetric study denonstrate that
H C, which is based on resultant translational acceleration
of the center of gravity of the head, does not relate to
the various nmechanisns of brain injury and is therefore

insufficient in predicting brain injury.

From the results of the force profile paranetric study

the foll owi ng concl usions can be made:

| mpact location is an inportant paraneter. The
magni tude of all the measured paraneters except for

accel eration, varied with | ocation.
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Max brain shear stress always occurs in the brain stem
and maybe responsible for brain stem |aceration observed

clinically.

H C was not consistently proportional to the various

injury causing paraneters over the full range of
accel eration val ues. Therefore, a single paraneter injury
tolerance criterion is insufficient. Tol erance criteria

shoul d be based on the cunulative effect of the threshol ds
for each of the injury causing nmechani sns

From the inpactor mass and velocity study it was found
that velocity had nore of an effect on the response than
mass. Al though for a constant inpactor kinetic energy,
mass was an inportant factor.

For both paranmetric studies pressure seened to be
related to the peak acceleration. For the mass-velocity
studies, the nodeling sinulated a short inpact with a very
fast rise tinme and relatively higher accelerations than the
force profile study. This made direct conparison between
the two studies difficult. It seened that for the higher
accelerations that occurred with the mass-velocity study
the contrecoup pressures were dom nant for occipital and

crown i npacts.

This study has shown that a validated finite elenent
nodel can be a valuable tool in investigating head injury
mechanisnms and fornulating injury tolerance «criteria
related to specific mechanisns. | mproved protection
against head injury can be realized through a better
under standing of the bionechanics of injury and disability

gai ned through finite el enent nodeling.
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B. RECOVIVENDATI ONS
It is recommended that foll ow on research i ncl ude:

| nvestigate nodel response to different translationa
and rotational acceleration inputs and evaluate the
effectiveness of HC in predicting head injury. H C only
accounts for translational acceleration but rotational
acceleration may be an additional inportant factor in brain
injury that H C cannot predict.

Add mnuscle and I|iganent representation to the neck
nodel and investigate nore effective nethod for nodeling
facet joins. Upon validation of revised neck nodel,
conduct a whiplash study using the head-neck nodel. Thi s
study |ooked at direct head inpacts. Addi tional | oading
conditions should be examned, such as inertial |oading

wher e i npact does not occur.

Extend the nodel to 3D A three dinensional node
woul d all ow the nodeling of additional inportant structures
in the brain as well as achieving a nore realistic head
nodel . A 3D nodel could be used to study a variety of
| oading conditions such as side and nultiple 1ocation

i npacts.
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